Hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), is an exotic pest of eastern hemlock, Tsuga canadensis (L.) Carrière (Pinales: Pinaceae), in the eastern United States. Two commonly used insecticides to manage adelgid are imidacloprid, a systemic neonicotinoid insecticide, and horticultural oil, a refined petroleum oil foliar spray. We have investigated the influence of imidacloprid and horticultural oil on spider abundance at different canopy strata in eastern hemlock. In total, 2,084 spiders representing 11 families were collected from the canopies of eastern hemlock. In beat-sheet and direct observation samples, the families Theridiidae, Araneidae, Salticidae, and Anyphaenidae were the most abundant. Significantly higher numbers of spiders were recorded on untreated control trees compared with trees treated with imidacloprid using soil drench and soil injection applications. Spider abundance in trees injected with imidacloprid and horticultural oil applications did not significantly differ from control trees. Spider abundance was significantly greater in the top and middle strata of the canopy than in the bottom stratum, where imidacloprid concentrations were the highest. Regression analysis showed that spider abundance was inversely associated with imidacloprid concentration. This research demonstrates that imidacloprid, when applied with selected methods, has the potential to result in reductions of spider densities at different strata. However, slight reductions in spider abundance may be an acceptable short-term ecological impact compared with the loss of an untreated hemlock and all the associated ecological benefits that it provides. Future studies should include investigations of long-term impact of imidacloprid on spiders associated with eastern hemlock.
and the pathogen that causes root rot disease, Armillaria mellea (Vahl: Fries) Kummer (Agaricales: Physalacriacaea). Mortality of hemlock in hemlock-dominated forests affects forest structure and composition, as well as ecosystem function.
Forest canopies contain highly diversified arthropod species, due to structural heterogeneity and variations in resources (Wu et al. 1989, Schowalter and Ganio 1998) . The canopy of eastern hemlock can be expansive and provides suitable habitat for numerous arthropod species. Several studies have investigated the arthropods associated with eastern hemlock, and more than 300 species of insects have been found in hemlock stands in the southern Appalachians (Wallace and Hain 2000 , Buck et al. 2005 , Lynch et al. 2006 , Dilling et al. 2007 , Dilling et al. 2009 , Jetton et al. 2009 ).
Eastern hemlock also may provide important habitat for arboreal spiders. Spiders are important predators in many temperate forest systems, and their abundance depends mainly upon habitat structure and prey abundance (Halaj et al. 2000) . In Oregon, spiders comprised over 50% of the arthropod predators in old growth stands of western hemlock, Tsuga heterophylla (Rafinesque) Sargent (Pinales: Pinaceae) (Schowalter 1995) . Additionally, spiders (n = 197 specimens) were among the most abundant arthropod orders collected on eastern hemlocks sampled in the Great Smoky Mountains National Park, comprising 21.7% of all arthropods collected (n = 906 specimens; Falcone and DeWald 2010) . In a study comparing spider communities in the canopies of hemlock and deciduous tree species, more spider families and specimens were collected from eastern hemlock (n = 20 families and 3,706 specimens) than from deciduous canopies (n = 15 families and 324 specimens; Mallis and Rieske 2011) . These studies, in conjunction with the documentation of insect species that occur in hemlock canopies, demonstrate the diversity of arthropods found in eastern hemlock canopies, and these species may be adversely impacted by loss of hemlock.
Several chemical insecticides, including horticultural oil (a refined petroleum oil foliar spray), insecticidal soap, and imidacloprid (a neonicotinoid insecticide), play an important role in suppressing hemlock woolly adelgid and maintaining healthy hemlock trees (Hale 2004 , Ward et al. 2004 , Dilling et al. 2010 , Mayfield et al. 2015 , Benton et al. 2016 . Although imidacloprid is used widely to manage hemlock woolly adelgid, little is known of the nontarget impacts of this pesticide on predaceous arthropods, especially spiders, in hemlock canopies. Laboratory-based bioassays conducted on two introduced predatory beetle species [Laricobius nigrinus Fender (Coleoptera: Derodontidae) and Sasajiscymnus tsugae (Sasaji and McClure) (Coleoptera: Coccinellidae)] that have been widely released in the eastern United States (Havill et al. 2014 ) documented lethal effects of imidacloprid, by both ingestion of treated adelgids and direct external contact, as well as sublethal intoxication (Eisenback et al. 2010) .
Limited information exists on the effect of imidacloprid on introduced or native predators in field settings despite laboratory assays. In one study in the Great Smoky Mountains National Park, no significant differences were observed in arthropod species composition in hemlock stands treated with imidacloprid compared with untreated stands 3-18 mo after treatments (Falcone and DeWald 2010) . Also, Mayfield et al. (2015) found no residues of imidacloprid on L. nigrinus collected from imidacloprid-treated trees and no differences in abundance of Laricobius spp. larvae between treated and untreated trees 7 yr following treatment. However, if the abundance of predatory species are reduced on imidacloprid-treated hemlock trees, a greater abundance of some pest species may result. For example, abundance of hemlock rust mite and spruce spider mite was greater on hemlock trees treated with imidacloprid than on untreated trees, which was attributed to the removal of several predators, including spider species, that feed on the mite pests (Raupp et al. 2004) . Further investigations on the effect of imidacloprid on predatory species in hemlock canopies are warranted to clarify the impact of imidacloprid, if any, on spider populations.
The management of hemlock woolly adelgid using pesticides is warranted, considering the ecological importance of hemlock as a foundation species in forests and its importance as habitat for arthropods. However, lack of information on nontarget effects of these pesticides on predatory arthropods, especially spiders, necessitates additional research to evaluate potential negative impacts. Additionally, imidacloprid movement and persistence throughout foliage in the canopy have been shown to vary greatly throughout different stratum (Dilling et al. 2010 , Benton et al. 2015 , thus having the potential of varying impacts based on spatial dynamics. The potential impact of these varying levels of imidacloprid on spider abundances in canopies of eastern hemlock is unknown. We have previously reported effects of chemical treatments on nonpredator guilds in the canopy (Dilling et al. 2009 (Dilling et al. , 2010 . In this study, we investigated the effect of imidacloprid on vertical distribution of spiders on eastern hemlock. The objective of this study was to determine the effect of insecticide treatments on spider populations at three strata of the canopy of eastern hemlock.
Materials and Methods

Study Sites
This study was conducted at Indian Boundary Recreation Area in the southern part of Cherokee National Forest, Monroe County, Tennessee. To evaluate the vertical stratification of predators in hemlock canopies and determine the impact of insecticides on spiders, on 5 November 2005, eastern hemlocks (n = 30) were selected and arranged into three blocks with 10 trees each (35° 23.787 N, 84° 06. 662 W, elevation: 543 m; 35° 23.764 N, 84° 06.732 W, elevation: 555 m; 35° 24.173 N, 84° 06.268 W, elevation: 565 m) . Trees in each block were arranged in five pairs, with one tree in each pair treated with one of five treatments (imidacloprid as tree injection, soil injection, and soil drench; horticultural oil as foliar spray; and untreated control) on one of two application times (29-30 November 2005 [Fall 2005 ] or 16 April 2006 [Spring 2006 ). Tree pairs were assigned based on their similarity in height, condition, and adelgid infestation level. Blocks were located in a short-leaf pine-oak (Type 76) forest (Eyre 1980 , Hakeem 2008 .
Insecticide Treatments
The tree injection system consisted of the Mauget 3-ml 10% imicide capsules and feeder tubes (J. J. Mauget Co., Arcadia, CA). Imidacloprid was applied via tree injection at the rate of one capsule per 15 cm dbh (0.15 ml [AI]/2.5 cm dbh). A 1.2-cm hole was made ca. 20.5 cm above ground level using a 0.4-cm bit drilled at a slanting angle. The feeder tube was inserted into the hole, and a capsule was attached to the tube. Capsules were equally distributed on the tree trunk as much as possible for even distribution of insecticide. The capsules were left attached until uptake of the material was complete (ca. 1-5 h).
Imidacloprid was applied as a soil injection using a Kioritz soil injector (Kioritz Corp., Tokyo, Japan). Merit 75 WP insecticide (Bayer, Kansas City, MO) was diluted to 1 g (AI)/2.5 cm dbh in 60 ml of water. Soil injection was applied within 45 cm of the base of the trunk and spaced as evenly as possible. The insecticide was injected at a depth of 7 cm below soil surface at 30 ml per injection.
The soil drench treatment, applied using a high-pressure hydraulic sprayer (FMC Corporation, Jonesboro, AR), consisted of imidacloprid (Merit 75 WP) at the rate of 1.5 g (AI)/2.5 cm dbh. The standard recommended dose of 50 g of imidacloprid was mixed with 379-liter water. The soil beneath the drip line of the canopy was sprayed with 125 liters of mixture to provide maximum coverage.
SunSpray horticultural oil (Sun Co., Philadelphia, PA) was applied as a foliar spray using a high-pressure hydraulic sprayer (FMC Corporation). The horticultural oil foliar spray was applied at the rate of 7.6 liters (AI)/379 liters of water and sprayed on the canopy until runoff to ensure that the tree was fully covered.
Sampling of Vertical Strata
Sampling of spiders in the canopy of eastern hemlock was conducted twice: 16-19 August 2006 and 5-11 September 2007 . Each tree canopy was divided into three equal vertical sections, or strata, by height: top (upper 1/3 of canopy), middle (middle 1/3 of canopy), and bottom (lower 1/3 of canopy). A bucket truck (Genie Z 45/22, Tigard, OR) was used to collect samples from the three strata of each tree. Beat-sheet sampling and handpicking were the collection methods used to collect spiders from the canopy. From each stratum, three random beatsheet samples (0.7 × 0.7 m; Bioquip Products, Rancho Dominguez, CA) were taken by holding the beat sheet underneath the branch and striking the branch five times with a wooden rod (1 m). Handpicking specimens involved collecting visually observed specimens for 5 min per stratum using forceps or fingers. Specimens collected during both sampling methods were placed in vials containing 75% alcohol and taken to the laboratory for processing and identification. Spiders were identified, where possible, by the author (AH) to family using Howel and Jenkins (2004) and Ubick et al. (2005) , and family identifications were confirmed by Pat Barnwell, University of Tennessee. The specimens are housed in the Integrated Pest Management and Biological Control Laboratory, the University of Tennessee, Knoxville.
Quantification of Imidacloprid
Imidacloprid concentrations in twig and needle tissue were determined in a synchronous study by Dilling et al. (2010) . Commercially available enzyme-linked immunosorbent assay kits were used to measure the imidacloprid residues within branches to determine the potential effect of imidacloprid on spiders (EnviroLogix 2015) . In this test, the compound horseradish peroxidase-labeled imidacloprid was used, which competes with the imidacloprid residues present in the sample for a limited number of antibody sites on the walls of the test wells. This kit was used to quantify concentrations of imidacloprid between 0.2 and 6.0 ppb. Sample preparation and analysis are detailed in Dilling et al. (2010) .
Data Analysis
Data were analyzed as a randomized block design with two fixed factors (treatment and application time) and two repeated measures (sampling year and strata). Specimens collected from beat-sheet sampling and handpicking were pooled to represent spider abundance per stratum per tree per sampling year. Treatment, application time, stratum, and sampling year were considered independent variables, and spider abundance per stratum per tree per sampling year was used as the response variable. All interactions among these variables were analyzed for significant associations. Shapiro-Wilk W test for normality and Levene's test of homogeneity of variance were used to verify that data conformed to the assumptions of analysis of variance (ANOVA). Due to heterogeneity of group variances, data were rank transformed, and all data were analyzed by one-way ANOVA (ANOVA; PROC MIXED). Significance for all ANOVA tests was set at P ≤ 0.05. When significant ANOVA results were obtained, post hoc analysis to detect differences among means was determined using Tukey-Kramer test (α = 0.05). Kenward--Roger method was used to adjust degrees of freedom for repeated measures because repeated measurements are correlated and consequently require an adjustment in the error degrees of freedom used in calculating significance tests. Original means and standard error values are reported.
Similarity in family diversity and abundance among samples representing community composition was determined using analysis of similarity (ANOSIM) on Bray-Curtis distances constructed in a resemblance matrix using PRIMER version 6 software (Clarke and Warwick 1997) across tree strata and treatment type. Differences in samples were plotted using nonmetric multidimensional scaling.
The relationship between imidacloprid concentrations at each stratum and mean spider specimen abundance was analyzed with linear regression analysis using PROC REG. Mean imidacloprid concentrations in parts per billion (ppb) determined from composite twig and branch samples presented in Dilling et al. (2010) that coincide with the vertical sampling dates presented in this study were regressed with the respective mean spider abundance for each stratum, treatment, and application time. All data analyses were conducted using SAS/STAT software, version 9.1 of the SAS System for Windows (SAS Institute 2006).
Results and Discussion
Density and Diversity of Spiders
A diverse group of spiders was recovered from canopies of eastern hemlock. In total, 2,091 spiders were collected from canopies of eastern hemlock during this study. Of these, 2,084 spiders belong to 11 families; the families of 7 individuals could not be determined (Table 1) . In general, spiders were distributed throughout the tree strata. Higher numbers (n = 1,588) of spiders were collected in beatsheet samples compared with direct observations (n = 503), and greater numbers of spiders were collected in 2006 (n = 1,144) than in 2007 (n = 947). The most abundant families were Theridiidae, Araneidae, Salticidae, and Anyphaenidae. These four families represented 83.5% of all spiders collected (Table 1) .
The number of specimens and spider families in this study are similar to those observed in other studies of spiders associated with eastern hemlock. In mature stands of eastern hemlock in the Great Smoky Mountains National Park, more spider families (n = 16) but fewer specimens (n = 191) were collected from pitfall traps (Jetton et al. 2009 ). However, limited direct comparison can be made between this study and the current study, as spider families and specimen abundance in terrestrial systems could vary greatly from what is present in canopies. Greater spider specimen abundance was observed in the current study compared with that observed in hemlock canopies in another study in the Great Smoky Mountains National Park (n = 197; Falcone and DeWald 2010). However, family identifications were not performed for spiders collected in hemlock canopies in the Smokies (Falcone and DeWald 2010) , and family numbers cannot be compared to this study. In a study comparing spider populations of hemlock canopies versus deciduous canopies in Kentucky, more specimens (n = 3,706) and families (n = 20) were collected from untreated hemlock canopies than in the current study (Mallis and Rieske 2011) . The number of samples (24 vs 2 samples) may have been the greatest influence on the differences in spiders observed in Kentucky compared to this study. Sampling was conducted monthly over a 24-mo period in Kentucky (Mallis and Rieske 2011) , whereas intensive spider sampling was conducted two times during this study period. The hemlock canopies evaluated as part of the current study contained an abundance of prey items (293 insect species; Dilling et al. 2009 ), with similar orders (Diptera, Psocoptera, Hymenoptera, and Hemiptera) comprising the bulk of prey items observed in Kentucky (Mallis and Rieske 2010) . Therefore, while more spider families and specimens were observed by Mallis and Rieske (2011) , family numbers and specimen abundance similar to those observed in Kentucky are expected from these study trees if sampling were conducted at similar frequencies.
Vertical Distribution of Spider Families on Eastern Hemlock
Community composition of families was not significantly different among tree strata (R = 0.054, n = 30, P > 0.001 or treatment types (R = 0.134, n = 30, P > 0.001). The similarity of family community composition across bottom, middle, and top strata indicates a homogenous distribution throughout the tree canopy. The similarity of family community composition across treatment types indicates a negligible impact on the community composition of spiders associated with eastern hemlock. This homogenous distribution could be due to vertical distribution of prey. Although community composition of family was similar among strata, the abundance of individuals within families, which will be discussed later, was distributed differently among strata.
Impact of Insecticidal Treatments on Spiders
Insecticidal treatments influenced the numbers of spiders collected from eastern hemlock. Significant differences (F 4,19.9 = 5.73; P < 0.0031) in mean spider abundance per treatment per tree were observed among control (no treatments), soil drench, and soil injection (Table 2 ). In both sampling years, mean spider abundance in soil drench and soil injection treatments was significantly lower than control treatments, but no differences in spider abundance were observed among control trees, tree injection, and horticultural oil treatments (Table 2) Spider abundance in soil injection and soil drench treatments also was significantly lower than control treatments for the overall mean of both years combined, with overall spider abundance per tree ranging from 18.64 in control treatments to 3.79 in soil injection treatments. However, no differences in spider abundance were observed among control trees, tree injection, and horticultural oil treatments for either sampling year or the overall mean of both years (Table 2) . Additionally, in both sampling years and for the overall mean of both years combined, no significant differences were observed within imidacloprid treatments (tree injection, soil injection, and soil drench). No significant interactions were observed among treatment, application time, sampling year, stratum, or all.
These results indicate that selected methods of imidacloprid applications can cause a short-term reduction in spider populations. Furthermore, no differences observed between sampling years for all treatments, in conjunction with no significant interactions between application time and treatment, suggests that timing of applications 8.83 ± 1.01bA 6.76 ± 1.02bA 3.79 ± 1.01bA *Means followed by the same lowercase letter(s) within the same column, and means followed by the same uppercase letter within the same row are not significantly different (P ≤ 0.05; Tukey-Kramer test). * Strata from which spider families were collected: B = bottom; M = middle; T = top. † Treatments from which spider families were collected: CO = control; HO = horticultural oil; SD = soil drench; SI = soil injection; TI = tree injection. ‡ Total abundance represents the number of all individuals collected in each family.
has no short-term influence on spider abundance. During both sampling years, spiders were least abundant in trees treated with imidacloprid applied with a soil injection or soil drench compared with control, horticultural oil, and trunk injection treatments. These reductions in spider numbers are the first documentation of short-term, nontarget impacts of imidacloprid on spiders in eastern hemlock canopies. Although the long-term impacts of imidacloprid on spider populations are unknown, these populations are expected to rebound over time as imidacloprid concentrations lessen in the plant tissues. These results differ from those reported spider populations in the Great Smoky Mountains National Park, which showed no differences in spider densities between treated and untreated hemlock trees (Falcone and DeWald 2010) . In their study, they applied imidacloprid as a soil drench, while the current study had three imidacloprid application types and a foliar application of horticultural oil. The interval between application and sampling was similar in both studies, with the sampling interval ranging from ca. 1 mo (at one of six treated sites) to 18 mo in the Great Smoky Mountain National Park and from ca. 4 mo to ca. 22 mo in the current study. However, the total number of samples (n = 240) taken during the Great Smoky Mountains National Park study was less than the total number of samples in the current study (n = 720). In their study, spiders were sampled by branch clipping instead of beat-sheet sampling or handpicking, and branch clipping may not be an adequately intensive sampling method to properly assess spider abundance in forest settings, as it may allow some spiders the opportunity to flee during sampling. The combination of fewer samples and branch clipping as a sampling technique may have influenced the numbers of spiders collected in the Great Smoky Mountains National Park and prevent adequate comparisons to our findings.
Trees treated with imidacloprid as a trunk injection consistently had greater numbers of spiders than horticultural oil, soil injection, or soil drench treatments. Trunk injection requires the trunk of trees to be drilled to allow insertion of the imidacloprid delivery apparatus. However, the lack of reductions of spiders on trees treated with imidacloprid applied as a trunk injection is unclear.
Although no significant differences (F 8,92 .6 = 1.99; P = 0.0556) were observed among interactions of treatment, application time, and stratum, the trend of soil injection and soil drench treatments containing fewer spiders than other treatments is evident (Fig. 1) . In fall and spring application times and all strata, soil injection and soil drench treatments were the lowest, with the exception of trees treated with horticultural oil in Spring 2006. For these trees, spider abundance was lower in horticultural oil treatments than soil injection, as well as tree injection and control treatments. The reason for this low level of spider abundance in trees treated with horticultural oil at one stratum for one application time is unclear. These nonsignificant results may be due to the complex nature of interactions between treatments, season, and strata, although treatments and strata were significant (Fig. 1) .
Canopy location (i.e., stratum) also influenced spider abundance. Significant differences (F 2,92.6 = 5.60; P < 0.0051) were observed between mean spider abundance per sample per year between the top and the middle strata compared with the bottom stratum (Table 3 ). In both sampling years, significantly lower numbers of spiders were observed from bottom stratum than either the top or middle stratum, but no differences were observed in spider abundance in each respective stratum between years (Table 3) . Specimen abundance in samples collected in 2006 ranged from 14.00 spiders per tree in the top stratum to 11.07 spiders per tree in the bottom stratum. Specimen abundance in samples collected in 2007 ranged from 11.56 spiders per tree in the top stratum to 8.56 spiders per tree in the bottom stratum. Significantly lower numbers of spiders also were recovered from the bottom stratum than from the top or middle stratum for the overall mean of both years combined, with spider abundance per tree ranging from 12.78 in the top stratum to 9.81 in the bottom stratum (Table 3 ). Higher numbers of spiders in the top strata is not surprising, as Joseph et al. (2011) also reported higher numbers of hemlock woolly adelgid ovisacs in the upper tree crown, suggesting less imidacloprid concentrations. No significant interactions were observed among stratum, treatment, application time, sampling year, or all. Oguri et al. (2014) compared spider assemblage between the upper and lower canopy layers (i.e., Top 14.00 ± 1.95aA 11.56 ± 1.26aA 12.78 ± 1.60aA Middle 13.52 ± 1.57aA 13.72 ± 1.88aA 13.62 ± 1.72aA Bottom 11.07 ± 1.27bA 8.56 ± 1.40bA 9.81 ± 1.33bA *Means followed by the same lowercase letter within the same column, and means followed by the same uppercase letter within the same row are not significantly different (P ≤ 0.05; Tukey-Kramer test). strata), and between the canopy and forest floor in evergreen cedar, Cryptomeria japonica D. Don (Pinales: Cupressaceae), and deciduous larch, Larix kaempferi [Lamb.] Carrieré (Pinales: Pinaceae), and found significant differences in number of species between strata in L. kaempferi only.
Impact of Imidacloprid Concentrations on Spider Abundance
Spider abundance in the canopy strata was directly associated with imidacloprid concentrations, as linear regression showed a strong negative association between mean specimen abundance across both application times and treatments and mean imidacloprid concentrations across all strata in both sampling years (Figs. 2 and 3) . Different application methods of imidacloprid resulted in significant differences in imidacloprid concentrations distributed throughout the canopy, but for all imidacloprid application methods concentrations were highest in the bottom stratum and decreased in the middle and top strata (Dilling et al. 2010 ). In the top stratum, imidacloprid concentrations ranged from 0 to 98.44 ppb across all sampling times and treatments (Figs. 2A and D, 3A and D) . Mean specimen abundance in the top stratum ranged from 1.62 to 5.19 per application time per sampling year per treatment per tree across all sampling times and treatments and declined as imidacloprid concentrations increased (Figs. 2A and D, 3A and D) . In the middle stratum, imidacloprid concentrations ranged from 0 to 162.98 ppb across all sampling times (Figs. 2B and E, 3B and E) . Mean specimen abundance in the middle stratum ranged from 0.48 to 5.15 per application time per sampling year per treatment per tree across all sampling times and treatments (Figs. 2B and E, 3B and E) . Imidacloprid concentrations in the bottom stratum ranged from 0 to 199.33 ppb across all sampling times (Figs. 1C and F, 2C and F) . Mean specimen abundance in the bottom stratum ranged from 0.23 to 5.42 per application time per sampling year per treatment per tree across all sampling times and application types (Figs. 2C and F, 3C and F) .
These results indicate that the stratum in which spiders occur significantly influenced their abundance. Also, no differences observed between sampling years for all strata, in conjunction with no significant interactions between application time and strata, suggest that timing of applications do not influence short-term spider abundance in strata. During both sampling years and for the mean of both years combined, spiders were least abundant in the bottom stratum. Low numbers of spiders on the bottom stratum were directly associated with higher concentrations of imidacloprid in the bottom stratum, and high R 2 values for all regressions demonstrate the strong associations between spider abundance within treatments and concentrations of imidacloprid at different strata. Therefore, certain methods of imidacloprid application (soil injection and soil drench) may not only reduce spider densities, but can have varying impacts on spiders throughout the canopy of eastern hemlock. The association between spider abundance and concentrations of imidacloprid observed during this study provides insight into what concentrations may influence spider abundance in the field. Imidacloprid concentrations of 120-250 ppb have been reported to suppress populations of hemlock woolly adelgid over time and cause lethal and sublethal effects to the adelgid predators L. nigrinus and S. tsugae (Tattar et al. 1998 , Cowles et al. 2006 , Eisenback et al. 2010 . However, the accumulation of imidacloprid in prey items other than hemlock woolly adelgid that may cause lethal and sublethal effects in spiders is unknown. Regression analyses in the current study suggest that imidacloprid concentrations in twig and needle tissues >120 ppb may predict decreases in spider populations. (Fig. 3) . Imidacloprid concentrations do not exceed ca. 100 ppb in the top strata of the tree, and spider populations occurring in this stratum may not have experienced reductions during the study following imidacloprid treatments.
Imidacloprid can translocate into the canopy quickly and have sustained effect on herbivores. Dilling et al. (2010) observed peaks in imidacloprid concentrations 9-12 mo following application, yet 3 mo following soil injection and soil drench applications concentrations in the bottom stratum of hemlocks were >169 ppb. Additionally, the bottom stratum maintained concentrations of imidacloprid >125 ppb 24 mo following soil injection and soil drench applications. Because imidacloprid can reach concentrations >120 ppb relatively quickly and sustain those concentrations in plant tissues over time, nontarget impacts to predatory species within the first 2 yr following imidacloprid application may be unavoidable.
Nontarget impacts of imidacloprid on spider abundance are not surprising, as several studies have documented reduced spider abundance caused by applications of chemical pesticides in agricultural settings (Vickerman and Sunderland 1977 , Salem and Matter 1991 , Pekar 1999 , Epstein et al. 2000 , Meissle and Lang 2005 , Cardenas et al. 2006 , Markó et al. 2009 ). Furthermore, the presence and concentration of imidacloprid could influence spider numbers in several ways. First, direct contact with insecticides may be toxic to spiders and cause a reduction in spider abundance (Shaw et al. 2006) . However, in the current study, due to the application methods used, it is unlikely that spiders had direct contact with imidacloprid. Second, imidacloprid could decrease numbers of herbivorous arthropod prey species, causing spiders to starve or leave the area in search of other prey. Dilling et al. (2009) observed significant reductions in specimen abundance in several insect guilds, including phytophagous insects, in trees where imidacloprid was applied as soil drench. These observed reductions could have increased competition among spiders, causing some to starve and/or cuing some spiders to leave in search of prey. Third, spiders may acquire imidacloprid in prey that have recently consumed treated plant material, causing secondary poisoning (Epstein et al. 2000) . This secondary poisoning could lead to sublethal intoxication or death, depending on the concentration of the pesticide in the prey. Sublethal intoxication can cause reductions in adult longevity, fecundity, fertilization, and inhibition of feeding that can lead to decreases in specimen abundance (Devine et al. 1996 , Boina et al. 2009 ). Decreases in spider abundance observed in the current study are most likely due to sublethal and/or lethal intoxication; however, more research is needed to determine the tritrophic movement of imidacloprid in this system. Spiders are generalist predators and feed on several pest species. Nontarget impact of pesticides that influence their abundance on hemlock may lead to further changes in arthropod communities associated with eastern hemlock. When considering applications of imidacloprid, dose, concentration, and application method should be considered to reduce nontarget impact on spiders. The findings reported herein demonstrate that imidacloprid applied as a soil injection or soil drench at the recommended rates can cause shortterm reductions in spider populations in the lower canopy where imidacloprid concentrations are highest. Although the long-term effects of imidacloprid on spiders and other predatory arthropods are unknown, millions of untreated eastern hemlocks have died or are severely damaged, drastically altering hemlock and associated forest ecosystems. Imidacloprid provides an effective, economical treatment to protect and preserve some trees. Thus, slight reductions in spider abundance may be an acceptable short-term ecological impact compared with the loss of an untreated hemlock and all the associated ecological benefits that it provides.
Monitoring of spider populations on these study trees over time, in conjunction with quantification of imidacloprid concentrations at the time of sampling, would document the persistence of imidacloprid in treated trees, as well as assess the impact of imidacloprid on spider population years after treatment. This information could inform conservation-oriented management strategies that are aimed at maintaining healthy canopies by reducing the impact of hemlock woolly adelgid, while simultaneously preserving diversity of predatory arthropods within the canopy of eastern hemlock.
